 Inorganic nitrate (NO 3 -) supplementation with beetroot juice (BR) in humans lowers blood pressure and the O 2 cost of exercise and may improve exercise tolerance following its reduction to nitrite (NO 2 -) and nitric oxide (NO).
Abstract
Dietary nitrate (NO 3 -) supplementation, via its reduction to nitrite (NO 2 -) and subsequent conversion to nitric oxide (NO) and other reactive nitrogen intermediates, reduces blood pressure and the O 2 cost of submaximal exercise in humans. Despite these observations, the effects of dietary NO 3 -supplementation on skeletal muscle vascular control during locomotory exercise remain unknown. We tested the hypotheses that dietary NO 3 -supplementation via beetroot juice (BR) would reduce mean arterial pressure (MAP) and increase hindlimb muscle blood flow in the exercising rat. Male Sprague-Dawley rats (3-6 months) were administered either NO 3 -(via beetroot juice; 1 mmol • kg , P<0.05) were greater in rats that received beetroot juice compared to control. The relative differences in blood flow and vascular conductance for the 28 individual hindlimb muscles and muscle parts correlated positively with their percent type IIb + d/x muscle fibers (blood flow: r=0.74, vascular conductance: r=0.71, P<0.01 for both). These data support the hypothesis that NO 3 -supplementation improves vascular control and elevates skeletal muscle O 2 delivery during exercise predominantly in fast-twitch type II muscles, and provide a potential mechanism by which NO 3 -supplementation improves metabolic control.
Introduction
It is now recognized that NO functions as a major contributor to skeletal muscle vascular and metabolic control (reviewed by Joyner & Tschakovsky, 2003) . NO is produced endogenously by the reduction of L-arginine to L-citrulline via three distinct NOS isoforms:
constitutively expressed eNOS and nNOS, as well as iNOS (reviewed by Stamler & Meissner, 2001 ). In addition, there is emerging evidence that dietary inorganic NO 3 -delivered, for example, via ingested BR, can be reduced to NO 2 -and, subsequently, NO and other reactive nitrogen intermediates and impact hemodynamic and muscle metabolic function (Larsen et al. 2007; Bailey et al. 2009 ). These effects have been divorced from other active BR constituents (i.e., antioxidants; and, crucially, the reduction of NO 2 -to NO is potentiated by hypoxic and acidic conditions (Cosby et al. 2003) , which may be present during muscular exercise. In contrast, hypoxic conditions impair NOS function and therefore compromise NO bioavailability from that pathway under the very conditions when NO is requisite to balance O 2 delivery-to-O 2 utilization in skeletal muscle (Ferreira et al. 2006ab; Hirai et al. 2010 ).
In humans, acute (2-3 hours) and chronic (3-6 days) dietary NO 3 -ingestion via sodium NO 3 -salt (Larsen et al. 2007) or BR (Bailey et al. 2009; Vanhatalo et al. 2010a; Kenjale et al. 2011; ) reduces blood pressure, lowers submaximal exercise , and has been shown to enhance exercise tolerance. In addition, BR ameliorates the muscle metabolic perturbations found during exercise when breathing a hypoxic inspirate improves muscle oxygenation in peripheral artery disease patients (Kenjale et al. 2011) , and improves human mitochondrial efficiency as measured using the P/O ratio (Larsen et al. 2011 (Kenjale et al. 2011; .
Methods

Ethical approval
A total of 19 young adult male Sprague-Dawley rats (3-4 months old; body mass=416 ± 12 g) were used in the present investigation. Rats were maintained on a 12:12 hr light-dark cycle with food and water available ad libitum. All experimental procedures were conducted under the guidelines established by The Journal of Physiology (Drummond, 2009) (Lundberg et al. 2004; Bailey et al. 2009; Kenjale et al. 2011) . Moreover, this dose compares closely to NO 3 -doses administered to humans after accounting for the ~7x greater resting metabolic rate in rats compared to humans (Musch et al. 1988) .
Instrumentation and regional BF measurements
Rats were first anesthetized using a 5% isoflurane-O 2 mixture. Subsequently, while maintained on a 2-3% isoflurane-O 2 mixture, a catheter (PE-10 connected to PE-50; Clay Adams Brand, Sparks, MD, USA) was placed in the ascending aorta via the right carotid artery. A second catheter (PE-10 connected to PE-50) was placed surgically in the caudal (tail) artery as described previously (Musch et al. 1992) . Both catheters were tunneled subcutaneously to the dorsal aspect of the cervical region and exteriorized through a puncture wound in the skin. Following incision closure, anesthesia was terminated and the animal was given 1-2 hours to recover before initiation of the final experimental protocol (Flaim et al. 1984) .
After recovery, the rat was placed on the treadmill and the caudal artery catheter was connected to a 1 ml syringe chambered in a Harvard infusion/withdrawal pump (model 907, Cambridge, MA, USA). The carotid artery catheter was then connected to a pressure transducer (Gould Statham P23ID, Valley View, OH, USA) maintained at the same height as the animal and exercise was initiated. Treadmill speed was increased progressively over a ~30 s period to a speed of 20 m • min -1 (5% grade, ~60% max; Musch et al. 1988) . The rat continued to exercise for another 2.5 min until a total time of 3 min was reached. At the 3 min mark the pump connected to the caudal artery catheter was activated and withdrawal was initiated at a rate of 0.25 ml • min 
Waltham, MA, USA) after which exercise was terminated. Following a minimum 1 hr recovery period, a second microsphere injection was performed while the rat sat quietly on the treadmill for the determination of resting BF, HR and MAP. This experimental strategy (i.e. exercise before rest) mitigates potential influences of the pre-exercise anticipatory response on resting skeletal muscle BF measurements (Armstrong et al. 1989) .
Determination of regional BF and VC
Following the second microsphere infusion, rats were euthanized with a sodium
, infused into the carotid artery catheter). The thorax was opened and placement of the carotid artery catheter was confirmed before the internal organs and individual muscles and muscle parts of the hindlimb were identified and excised. Upon removal, tissues were weighed and placed promptly into counting vials.
Radioactivity of each tissue was determined with a gamma scintillation counter (Packard Auto Gamma Spectrometer, model 5230, Downers Grove, IL, USA). Tissue BF was then calculated using the reference sample method (Musch & Terrell, 1992) and expressed as ml •
. Adequate mixing of the microspheres was verified for each rat, demonstrated by a <15% difference in BF to the right and left kidneys and to the right and left hindlimb musculature. VC was calculated by normalizing BF to MAP and expressed as ml
. Delp & Duan (1996) . Significance was set at P<0.05 and values are expressed as mean ± SEM.
Blood sampling and measurement of Plasma NO
Results
There was no between group differences in the total hindlimb muscle/body mass ratio 
Effects of BR on skeletal muscle BF and VC at rest and during exercise
There were no differences in total resting hindlimb BF (control: 16 ± 2, BR: 20 ± 4 ml •
, P=0.30) or VC (control: 0.12 ± 0.01, BR: 0.15 ± 0.02 ml
P=0.20).
There were no differences in resting BF or VC in any of the 28 individual hindlimb muscles or muscle parts (Table 2) . Total exercising hindlimb muscle BF and VC was higher in BR supplemented rats compared to control (Figure 2 ). Specifically, BR resulted in greater BF in 17, and VC in 21, of the 28 individual hindlimb muscles or muscle parts compared to control (Table   13 3). All individual muscles and muscle parts demonstrating greater BF are comprised of ≥66%
type IIb + d/x muscle fibers whereas VC was higher in muscles and muscle parts ranging from 14-100% type IIb + d/x muscle fibers. Relative differences in BF and VC with BR (i.e. %  BF and VC; respectively) were significantly positively correlated with the percentage of type IIb + d/x muscle fibres in the individual hindlimb muscles and muscle parts (Figure 3) . Figure 4 illustrates the marked differences in %  BF and VC for the extremes of muscle fiber type composition (i.e., all muscles composed of 100% and ≤20% type IIb + d/x muscle fibers) of the individual muscles and muscle parts of the hindlimb.
Effects of BR on renal and splanchnic BF and VC at rest and during exercise
Renal and splanchnic BF and VC values are presented in Table 4 . Renal VC was significantly higher in rats receiving BR compared to control at rest (P<0.05). Liver VC was greater during exercise in BR supplemented rats compared to control (P<0.05).
Discussion
The principal novel finding of this investigation was that 5 days of BR supplementation (Bailey et al. 2009; Vanhatalo et al. 2010a; Kenjale et al. 2011; Masschelein et al. 2012) . While there were no differences in resting MAP between groups there was a ~10 mmHg (Table 1) lower MAP during exercise in rats receiving BR compared to control. The exercising MAP data presented herein are particularly interesting given that the effects of NO 3 -supplementation have been primarily studied in humans at rest. Interestingly, rats given BR had significantly higher resting renal VC (Table 3) suggesting that dietary NO 3 -reduces basal vasomotor tone and may play a cardioprotective role in renal vascular diseases as proposed previously (Lundberg et al. 2008; Tsuchiya et al. 2010; Carlström et al. 2011) .
Effects of BR on exercising inter-and intra-muscular hindlimb BF and VC
The most striking result of the present investigation was the higher exercising BF and VC in BR rats compared to control. Recent studies performed in humans have shown an apparent increase in skeletal muscle blood volume estimated using near-infrared spectroscopy following NO 3 -or NO 2 -supplementation (Cosby et al. 2003; Bailey et al. 2009; Kenjale et al. 2011; Masschelein et al. 2012) . However, muscle blood volume is not a measurement of BF per say and, therefore, to our knowledge, this is the first study investigating the effects of NO 3 -supplementation on inter-and intra-muscular BF and VC at rest and during exercise.
The augmented BF and VC in the present investigation was observed predominantly in fast-twitch type IIb + d/x muscles illustrating a fibre type selective effect of dietary NO 3 -supplementation on vascular control (Figures 3 and 4) . This could be due, in part, to the lower PO 2mv observed during contractions in muscles composed of primarily type II vs. type I fibres (Behnke et al. 2003; McDonough et al. 2005; Ferreira et al. 2006c) . Cosby et al. (2003) demonstrated that NO 2 -reduction to NO is potentiated in low O 2 environments via deoxyhemoglobin, deoxymyoglobin, and/or xanthine oxidoreductase. As a result, the reduction of NO 2 -to NO within the microvasculature of predominantly glycolytic type II muscles is likely amplified following NO 3 -supplementation, thereby increasing NO-mediated vasodilation in those muscles. Additionally, sympathetic adrenergic vasoconstriction occurs to a greater extent within more glycolytic type II compared to more oxidative type I muscles (Behnke et al. 2011) and the attenuation of skeletal muscle sympathetic vasoconstriction (i.e. functional sympatholysis) within glycolytic muscles during contractions (Thomas et al. 1994) is mediated, at least in part, by NO (Thomas & Victor, 1998; Dinenno & Joyner, 2004) . This likely contributes to the observed muscle fibre type selective increases in BF and VC seen presently with BR during exercise but not at rest (Table 3 ).
The lack of BF differences within the highly oxidative muscles could potentially account for the disparities among NO 3 --induced improvements in short-term high intensity exercise (Bailey et al. 2009 but not long duration exercise performance of highly trained endurance athletes (Cermak et al. 2012; Wilkerson et al. 2012) . Any potential improvements in exercise performance following NO 3 -supplementation may be limited to exercise testing protocols that recruit fast-twitch type II muscle fibres. There may also be a BF independent effect as supported by the faster rate and greater magnitude of muscle force development in mouse fast-twitch but not slow-twitch muscle following NO 3 -supplementation reported recently by Hernandez et al. (2012) .
BR resulted in substantially higher hindlimb skeletal muscle BF and VC (Figure 2 ) despite no reductions in BF or VC to renal or splanchnic organs during exercise compared to control ( Larsen et al. 2007; Bailey et al. 2009; Vanhatalo et al. 2010a) , the ~38% increase in total hindlimb BF (Figure 2 ) would be expected to increase mean PO 2mv
substantially. Accordingly, the reduced PCr breakdown and improved exercise tolerance following BR reported by Jones and colleagues (Bailey et al. 2010; Vanhatalo et al. 2011) may have been mediated, in part, by elevated O 2 driving pressures in the microvasculature which reduce PCr breakdown (Haseler et al. 1998; Vanhatalo et al. 2010b ) and speed PCr recovery kinetics during hypoxia (Haseler et al. 1999 ). This mechanism is consistent with the lower blood
[lactate] found herein with the BR group during exercise but remains to be tested specifically (Table 1) .
Experimental considerations and future directions
A major strength of the present investigation lies in the techniques used to measure inter-and intra-muscular BF and VC that, due to technical and ethical limitations, are unavailable in humans. In this regard, the measurements of BF and VC heterogeneity across the spectrum of varying muscle fibre type composition presented herein provide a unique perspective as regards the effects of dietary NO 3 -on skeletal muscle vascular control. This, in combination with the ability to measure both whole-body exercise performance (Copp et al. 2010a ) and skeletal muscle microvascular function (e.g., PO 2mv , Behnke et al. 2003) , identifies the rat as a valuable research tool for future studies examining the mechanistic bases of the beneficial effects of dietary NO 3 -supplementation in humans. These data have significant clinical implications for a host of disease conditions associated with reduced NO bioavailability and concomitant vascular and metabolic dysfunction, which culminates typically in compromised exercise tolerance (e.g., chronic heart failure; reviewed by Poole et al. 2012) . A prime example illustrating the potential clinical benefits of BR has already been demonstrated by Kenjale et al. (2011) who showed an ~18% increase in peak walk time and time to claudication in peripheral artery disease patients following a single dose of BR.
The differences in total body mass between groups cannot account for the greater exercising blood flows in BR rats given: 1) the hindlimb mass/body mass ratios were not different between groups and blood flows were normalized to muscle mass, 2) data from other laboratories (Armstrong et al. 1985) as well as a comparison between the present control data and previous data from our laboratory (Copp et al. 2010b) indicate that varying body masses elicit similar BF values at matched treadmill speeds, 3) subsets of body mass-matched control (n = 5, 405 ± 8 g) and BR (n = 5, 398 ± 8, P=0.52) rats from the present investigation confirm that
Conclusions
This study is the first to investigate the effects of dietary NO 3 -supplementation on total, inter-, and intra-muscular hindlimb BF and VC both at rest and during submaximal locomotory exercise. In healthy rats BR supplementation for 5 days elicited marked elevations of plasma (Bailey et al. 2009; Bailey et al. 2010; Larsen et al. 2010; Kenjale et al. 2011; .
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